Lowering the Mn content of hot rolled pipeline steel can economise the steel making process by eliminating costly desulphurisation and at the same time improve product properties, particularly toughness, by reducing the formation of MnS inclusions. Lower Mn contents, however, have significant implications for austenite recrystallization and austenite (g) to ferrite (a) transformation behaviour. This study compares the recrystallization start (T nr ) and g to a transformation (A r3 ) temperatures of two low Mn steels to those of a commercial steel with a conventional Mn content. Simulations of thermomechanical processing were carried out using a Gleeble 3500 testing machine. The T nr for the low Mn alloy design were found to be ϳ25°C higher than for the high Mn steel, while the A r3 of the low Mn steel were some 50°C higher. The higher A r3 promotes the formation of coarse ferrite grains, thus reducing the strengthening and toughening benefits of a fine grain size. However, this could largely be overcome by maximising the degree of deformation performed between T nr and A r3 and maintaining a combination of high cooling rates and low stop cooling temperatures below A r3 , thus providing a high density of nucleation sites and promoting high nucleation rates. Production trials validated the results from the Gleeble tests.
Introduction
Steels for high strength (ϾX56) pipeline applications historically contain high Mn contents (typically Ͼ1 mass%) for deoxidation, to eliminate FeS hot shortness, to increase the hardenability and for solid solution strengthening. Mn, however, has a strong tendency to segregate to the slab centre during continuous casting, where upon hot rolling it can lead to anomalous structures with high hardness and low toughness. 1, 2) Mn also combines with sulphur in the enriched liquid during the last stages of solidification to form manganese sulphides (MnS), which become highly elongated during hot rolling. Since these would lead to reduced pipe body and electric resistance weld line toughness, costly desulphurisation and Ca treatment for sulphide shape control are necessary. [3] [4] [5] [6] Recent studies have shown that 0.3 mass% Mn high strength pipeline steels had virtually no centre line segregation of Mn. 7) It has been reported that lowering the Mn content increases the solid solubility of sulphur 8) and alters the sulphide composition to increase its relative hardness. 9) This leads to a significant reduction in the number, size and aspect ratio of MnS precipitates along the strip centre line, which means it is possible to eliminate costly desulphurisation. Additional benefits include improved hydrogen-induced blister cracking resistance in sour service applications. 10, 11) Successful implementation of low Mn alloy designs will require reduced Mn contents to be offset by additional alloying elements and/or more stringent processing requirements to compensate for the loss of solid solution hardening. It is expected that higher Nb contents up to 0.08 % can largely compensate the strength reduction due to lower Mn for steel grades up to X60. However, X70 grades will require additional alloying elements such as Cr and Mo, or the less expensive B.
Lowering the Mn content is expected to increase the g to a transformation temperature (A r3 ), and to increase the strain induced precipitation of niobium carbo-nitrides (Nb(C, N)), which will raise the T nr . [12] [13] [14] Boron is well known to strongly depress the A r3 . 15, 16) Boron raises the T nr and it has a synergistic effect when used in conjunction with Nb, effectively raising the T nr above that of either individual alloying element. 17) The aim of this study was to compare the recrystallization and transformation behaviour of two candidate low Mn steels with a commercial high Mn steel. Thermo-Mechanical Control Process (TMCP) simulations of the entire hot rolling process were performed in order to identify processing conditions which could help counter the expected loss of solid solution strengthening due to the lowered Mn con-tent.
Experimental Procedure
Three different steel designs aimed at producing steel for API 5L PSL 2 X70 pipeline applications were compared in this study: 1) conventional X70 steel (here termed High Mn) 2) low Mn steel with added Cr and Mo and increased S content (termed Low Mn-CrMo) and 3) low Mn steel with added B and Cr and increased S content (termed Low Mn-CrB), see Table 1 for compositions. All three steels were well within the API 5L X70 specification. 18) For all steels, 230 mm thick Al killed and continuously cast slabs were manufactured at BlueScope Steel Port Kembla Steelworks. To avoid surface chill effects and centreline segregation, only the quarter thickness position of the slabs was used. Specimens were machined to 20 mmϫ15 mmϫ 10 mm. Plain Strain Compression (PSC) tests were carried out using a Gleeble 3500 servo-hydraulic machine. Graphite (C) and Tantalum (Ta) foils were used between the specimen and the anvils for lubrication (C) and to prevent C-diffusion into the specimen (Ta). The temperature was controlled by K type thermocouples welded directly to the specimens within the deformation plane. The error of these thermocouples was 0.75 %, and the temperature gradient across the deformation plane, measured using a second thermocouple, was 5°C. Force and displacement were recorded and converted to equivalent true strain and stress following the procedures from Loveday, 19) assuming ideal plane strain compression conditions. Inhomogeneities in strain distribution are known to form through the specimens thickness in PSC experiments. 20, 21) However, these inhomogeneities were ignored, since the objective of these experiments was to compare the behaviour of different steels.
Two sets of experiments were performed. In the first, the T nr and A r3 were determined for all three steels in multi-hit experiments, as shown in Fig. 1(a) . Four combinations of deformation levels e n (10 % and 15 %, well below the reported peak strain for dynamic recrystallization 22) ) and interpass times t ip (10 s and 35 s) were employed, while the strain rate was kept constant at 7.5 s Ϫ1 . Between deformations, the temperature was reduced in 25°C steps, which lead to cooling rates of 2.5°C/s and 0.7°C/s for 10 s and 35 s interpass time, respectively. T nr and A r3 were determined from the resulting metallography, and employing the method described by Jiang, 23) whereby the mean flow stress (MFS) was calculated from the stress-strain curves, and plotted versus the inverse absolute temperature. T nr and A r3 are then indicated by changes in slope as shown in Fig.  1(b) .
In the second set of experiments, relevant processing parameters in the various stages of hot rolling, i.e. roughing rolling, finish rolling and run out table (ROT) cooling were varied. Double-hit PSC experiments were performed according to the schedules shown in Fig. 2 , employing the parameters listed in Table 2 . In one group of tests, only the roughing process was simulated by performing all deformations well above T nr , (Fig. 2(a) ). In the other schedules ( Fig.  2 (b) and 2(c)), the finish rolling and ROT cooling were investigated by applying one deformation at 1 100°C (above T nr ) to induce static recrystallization, and a second deformation nominally between T nr and A r3 . Note that the experiments outlined in Fig. 2 (c) were only carried out for the High Mn and the Low Mn-CrMo steels.
Following the tests, all specimens were prepared for optical metallography observations by cutting perpendicular to the load direction, polishing and etching. The etching solution used to reveal the prior austenite grain boundaries (for specimens quenched above A r3 ) was an acidified picric acid solution (SASPA), while specimens that were quenched or cooled from below A r3 were etched in 3 % Nital solution. Austenite grain sizes were measured using the comparison procedure, while ferrite grain sizes were measured using the circular intercept method as specified in ASTM E112. 24) Measurements were performed on 9 fields and average values were reported. Uncertainty in the measurement of grain sizes was assessed by calculating the standard error in each measurement, and the 95 % confidence interval was reported. To account for the uneven strain distribution, all Table 1 . Chemical composition (mass percent) of the studied steels and the limits from API 5L PSL 2 X70
18) (C eq ϭCϩSi/30ϩ Mn/20ϩCu/20ϩNi/60ϩCr/20ϩMo/15ϩV/10ϩ5B). Note that only maximum allowable values are stated in the specification. measurements were performed at the centre thickness position of the deformed samples. Slabs of all three steel compositions were also processed in the BlueScope Port Kembla hot strip mill under conditions similar to those simulated in the PSC experiments (Table 2) . Samples were taken from quarter thickness for microstructural analysis and for measuring key mechanical properties. Refer to Williams 7) for details.
Results

Determining T nr and A r3
Figure 1(b) shows the generalised variation of the MFS with temperature in multi-hit compression tests, while the results of all the experiments are listed in Table 3 . It can be seen that both low Mn steels had significantly higher T nr and A r3 compared to the high Mn steel. An addition of B raised the T nr further, and it also increased the MFS at higher temperatures. Longer interpass times led to slightly increased T nr , while the A r3 were unaffected. In turn, higher pass strains led to reduced T nr and slightly increased A r3 .
The effect of reheating conditions on T nr and A r3 is shown in Fig. 3 . The A r3 was essentially unaffected by the reheating conditions, while the T nr dropped off markedly for a very short reheating of 1 min. Little difference was found, however, between soaking for 5 and 20 min at 1 250°C. Consequently, reheating was performed at 1 250°C for 5 min for all subsequent experiments.
Hot Rolling Simulations
Roughing Simulation
The effects of pass strain and deformation temperature on austenite grain size are shown in Fig. 4 . As no effect of post-deformation hold time on austenite grain growth was observed, data from tests with 0 s, 60 s and 600 s hold times were averaged. The main parameter determining the austenite grain size was the amount of deformation. Irrespective of steel composition, the grain size decreased by about 25 % when the pass strain was increased from 25 to 45 %. Table 2 . Processing parameters used in simulated roughing and finishing tests. For the roughing, T r refers to the temperature at which the second deformation was applied and t hold to the post-deformation hold time. For the finishing simulation, t d is the delay time before cooling, T s the temperature at which cooling starts, CR the applied cooling rate and T f the temperature at which the specimen is held after cooling. Table 3 . Recrystallization stop temperature (T nr ) and austenite to ferrite transformation temperature (A r3 ) obtained for different pass strains (e n ) and interpass times t ip .
Fig. 2.
Deformation schedules for (a) simulated roughing and (b), (c) simulated finishing. The first deformation e 1 was 35 % and the cooling after the soaking at 1 250°C occurred at 1°C/s. All other parameters are listed in Table 2 .
The dashed line shows the T nr relative to the deformation temperatures.
The equations for the fitted curves are listed in Table 4 . Raising the deformation temperature from 1 025°C (solid symbols) to 1 075°C (open symbols) resulted in a slightly increased grain size, but there was little difference between the three steel compositions, with the High Mn steel having just slightly finer austenite grains. Note that for all three steels the as-reheated austenite grain size was 65 mm, and the recrystallized austenite grain size after the first roughing hit (35 % reduction) was 36 mm.
Finish Rolling Simulation
Representative microstructures of the three steels after a typical simulated hot rolling experiment are shown in Figs.
5(a)-5(c).
Microstructures of the three steels consisted predominately of fine grained irregular shaped ferrite and pearlite. The main difference between the three steels types was their ferrite grain size. Qualitatively the order of grain sizes observed was High MnϽLow Mn-CrBϽLow Mn-CrMo. To illustrate the influence of steel chemistry over the wide range of simulated processing conditions, box plots were constructed of the population of measured ferrite grain sizes (d a ) for each steel type (Fig. 6) . Box plots graphically depict five numbers summarising namely: smallest non-outlier observation (Q1ϪIQR), lower quartile (Q1), median (Q2), upper quartile (Q3) and the highest non-outlier observation (Q3ϩIQR), where IQR is the interquartile range. Q1 and Q3 are at the top and bottom of the 'box'. All individual outlying observations are also graphically represented. This diagram shows that over the broad range of processing conditions investigated, the high Mn steel tended to have a finer ferrite grain size than either of the low Mn steels, and the Low Mn-CrB steel had a slightly finer ferrite grain size than the Low Mn-CrMo steel.
Figures 7(a)-7(c)
show the influence of the reduction below T nr (e 3 ) and finish rolling temperature (FRT) on the ferrite grain size. Increasing e 3 from 40 to 60 % significantly refined the ferrite grain size (Fig. 7(a) ). This effect was uniform for all three steels, such that the relative order of grain size was maintained at all reduction levels (i.e. High MnϽLow Mn-CrBϽLow Mn-CrMo). Reducing the FRT initially provided some microstructural refinement for all three steels as evident from the reduced ferrite grain size. Deforming at lower temperatures, however, resulted in a mixed microstructure being formed, which led to an increase in the average ferrite grain size. Mixed microstructure (indicated by the solid symbols in Figs. 7(b), 7(c) consisted of regions of fine ferrite with some small pockets of bainite and regions of coarse deformed ferrite, (Fig. 8) . The onset temperature for the formation of the mixed structure was between 850°C and 875°C for the low Mn steels, whereas the high Mn steel had not produced this microstructure for FRT values as low as 825°C.
ROT Cooling Simulation
Further Gleeble experiments were performed to elicit the effect of key variable during the ROT cooling section of the hot rolling process. The ferrite grain size increased with increasing delay time (t d ) between the final deformation and the onset of accelerated cooling (T s ), Fig. 9(a) . This increase was logarithmic in nature, with the greatest change occurring in the first few seconds after hot rolling. Decreasing T s such that the steel cooled slowly between the final deformation and the onset of accelerated cooling generally increased the ferrite grain size. A mixed microstructure similar to that formed at low FRT (indicted by the solid symbol in Fig. 9(b) ) was obtained in the Low Mn-CrMo steel when T s was reduced to 830°C. Figure 10 shows the combined influence of cooling rate (CR) and cooling stop temperature (T f ) on the average fer- rite grain size. T f was clearly the dominant factor with low values of T f providing significant ferrite grain size refinement for all three steels. The CR affected the low Mn steels more than the high Mn steel, as shown by the larger difference in ferrite grain size between 15°C/s and 60°C/s irrespective of T f . The combination of a high CR of 60°C/s and a low T f of 600°C promoted a bainitic microstructure with a small proportion of fine ferrite in the High Mn steel ( Fig.  11(a) ).
For the low Mn steels, the finest microstructure was achieved using the following conditions: high reduction (e 3 ϭ60 %) at a temperature below the T nr but above the A r3 (FRTϭ875°C), no delay between finish rolling and the start of accelerated cooling (t d ϭ0 s), high CR (60°C/s) and low cooling stop temperature (T f ϭ600°C). The microstructure obtained after such processing consisted of fine irregular ferrite with grain size of 5.8Ϯ0.5 mm for the Low Mn-CrB and 6.8Ϯ1.0 mm for the Low Mn-CrMo steel (Figs. 11(b)-11(c) ).
First Production Trial
Micrographs from samples taken at quarter thickness of the slabs are shown in Fig. 12 . As for the PSC samples, the microstructures consisted mainly of polygonal ferrite and degenerated pearlite/bainite, and the grain sizes were High Mn: 5.3Ϯ0.6 mm, Low Mn-CrMo: 7.1Ϯ0.7 mm and Low Mn-CrB: 6.6Ϯ0.7 mm. Mechanical testing 7) revealed that all three chemistries passed the X70 criterion (70 kpsi/483 MPa yield strength), which indicates that the reduced Mn content can successfully be countered by additions of Mo or B and by controlling the processing conditions.
Discussion
Effect of TMCP and Chemistry on T nr and A r3
The measured T nr for the High Mn steel of 975°C (Table   3 and Fig. 3 ) is in agreement with results from Palmiere, 25) who found a T nr of 970°C for a similar steel composition and test condition. The Low Mn steels, on the other hand, had a T nr that was some 25 to 50°C higher (Table 3 and Fig.  3 ). The reason being that a lower Mn content leads to a lower activity of C 12) and N, 26) which lowers the solubility product of Nb(C, N). 12, 13, [27] [28] [29] This leads to an increased precipitation of carbonitrides that impede recrystallization 13, 28, 30, 31) by reducing the grain boundary mobility. An addition of 0.001 % B raises the T nr further, due to the precipitation of B along the grain boundaries. 15, 32, 33) The increase of 25°C is in the same range as the 20-30°C increase that has been reported by Tamehiro. 17) Proper reheating is essential for the subsequent processing steps, as it is necessary to dissolve all carbonitrides. Undissolved particles are subject to particle growth, which leads to a dramatically reduced particle strengthening effect. 34) In addition, coarser particles are less efficient at preventing recrystallization through grain boundary pinning. The dissolution temperature for Nb(C, N) for a reheating time of 60 min can be estimated reasonably well by empirical equations, 13, 27, 28, 34) which yield temperatures in the range of 1 100 to 1 250°C for the steel compositions used in this study. Given these values, it is not surprising that soaking for 1 min at 1 200°C was insufficient. The resulting reduction in T nr by some 100°C was of a similar magnitude to that reported by Cuddy. 35) If soaking was performed at 1 250°C for 5 min, sufficient dissolution seemed to have been attained; soaking for an additional 15 min had little effect. The higher solubility product of Nb(C, N) 13, 28, 30) of the High Mn steel did not seem to change the reheating time necessary compared to that of the two Low Mn steels. While reheating for 5 min might seem very short compared to industry practice, it needs to be remembered that due to the internal heating and the small size, the entire specimen was at the desired temperature during the whole 5 min. Achieving the same soak under production conditions requires significantly longer soak times to ensure the slab is thoroughly reheated. The T nr was also affected by the amount of deformation and the interpass time (Table 3) . A higher e n lead to a reduced T nr , because the resulting higher dislocation density increased the stored energy and thus the driving force for recrystallization. 23, 31, 33) The longer the time between individual deformations, the more precipitation can take place, which hinders the recrystallization. It is reported that most of the precipitation of Nb(C, N) occurs in the first 10 s 33) for the studied steel compositions, which explains why, in the present study, the T nr was only slightly affected by an increase in t ip from 10 to 35 s. For steels with very low Nb concentrations 31) or for deformations at lower strain rates, 36) a larger effect of hold time has been demonstrated. For very short t ip of around 5 s, an increase in T nr occurs owing to solute drag. 23, 33) This is of particular importance for processing in non-reversing mills, where the interpass times are in the order of only a few seconds. It has also been reported that for very long interpass times in the order of several hundred seconds, the precipitates coarsen, which lowers their efficiency in preventing static recrystallization. 23) Mn has long been known as an austenite stabiliser, 37) lowering the A r3 by some 30 38) to 50°C 29, 39) per mass percent increase in Mn. In the current experiments also, the A r3 was found to increase markedly with decreasing Mn content. The two low Mn steels exhibited A r3 temperatures that were some 50°C higher than that of the High Mn steel. The addition of 0.001 % B lead to reduction in A r3 by approximately 25°C, which is in line with reported values of 50°C decrease per 40 ppm B. 40) This decrease is caused by segregation of B to the austenite grain boundaries, 41, 42) which reduces the number of preferred ferrite nucleation sites and lowers the grain boundary energy. B also lowers the selfdiffusion coefficient of iron on the grain boundaries. 32) These effects are particularly pronounced when other alloying elements such as Nb and Mo suppress the formation of coarse Fe 23 (C, B) 6 precipitates. 15, 17) However, B also increased the hot strength. 41) This will lead to higher rolling loads in the mill, which is undesirable from a processing point of view. Increasing the deformation leads to a slightly increased A r3 , in line with findings by Ouchi.
39) This is due to the formation of additional nucleation sites for ferrite grains. Varying the t ip produced no discernible effect on the A r3 (Table 3) , because in the temperature range between 800 and 900°C, recovery processes occur within less than 10 s.
Optimising TMCP of Low Mn Steel
Higher Ar 3 generally results in coarser microstructures as fewer nuclei are able to form, but grain growth rates remain high. Figures 5 and 6 show that the higher Ar 3 of the low Mn steels lead to a coarser microstructure with larger ferrite grain sizes. The addition of B was found to refine the microstructure of the low Mn steel due to its reduced Ar 3 . However, there was still a considerable gap in ferrite grain size compared to the High Mn steel. Since alloying additions contribute only part of the final microstructure with the rest coming from the steels thermo-mechanical history, this reduced hardenability can mostly be overcome by optimising the TMCP parameters throughout the entire hot rolling process (i.e. roughing, finish rolling and ROT cooling).
Roughing Practice
Double-hit compression tests above T nr lead to a decrease in austenite grain size from 65 mm (as re-heated condition) to 20-25 mm, see Fig. 4 . All three steels behaved similarly, indicating that for deformations above T nr , the recrystallized grain size is determined by the prior austenite grain size and processing conditions, rather than steel chemistry. By far the most crucial process parameter was the amount of strain; the larger the deformation, the smaller the grain size. This can partially be explained by the higher dislocation density resulting from larger deformations, which should lead to an increase in the number of nucleation sites for recrystallized grains. The exponent in the fitted curves in Fig. 4 is in agreement with literature values in the range of Ϫ0.50 to Ϫ0.65. 43) A slight increase in grain size with higher deformation temperatures, as has been predicted by several authors, 43, 44) was observed as well. However, since the difference was fairly small, it would be reasonable to perform the roughing at the highest possible temperature to reduce rolling loads. The recrystallized microstructure was found to be stable for up to 10 min of post-deformation holding at 1 025 to 1 075°C, which is most likely a consequence of micro-alloy precipitates that prevent grain growth. This means that little grain coarsening occurs between the roughing and finishing stands in the hot strip mill.
Finishing Practice
Deformation below T nr , but above A r3 increases both the effective grain boundary area per unit volume (S v ) and the ferrite nucleation rate (N s ). In addition, deformations are well known to cause elongated or pancaked austenite grains and to form deformation bands and twins. This increases S v by increasing the grain boundary area per unit volume (S g ) and also by increasing the surface area of deformation bands and twins per unit volume (S tw ) as S v ϭS g ϩS tw . This has two main implications for TMCP: a) the A r3 is raised and b) the kinetics of the g/a transformation are retarded, thereby allowing for a greater degree of under cooling and a finer microstructure to be achieved. 45, 46) From Fig. 7(a) it can clearly be seen that increasing the reduction below T nr but above A r3 significantly refined the ferrite grain size of all three steels. From an industrial point of view it is therefore desirable to have steels with higher T nr , as this allows for a greater reduction under T nr to be achieved in practice. In the simulated hot rolling experiments the potential advantage of the Low Mn steels (increase in T nr of 25°C) was not investigated though; the second deformation was applied well below the T nr temperature for all three steels.
The increase in the A r3 due to TMCP was evident by the increase in the onset temperature for mixed grain structure formation when the deformation was increased from 40 to 60 % (Figs. 7(b), 7(c) ). When steel is cooled below the Ar 3 , some ferrite begins to form along the austenite grain boundaries and possibly on deformation bands or twins within the austenite grains. The ferrite grains grow into the austenite leading to regions of coarse ferrite. Due to the low solubility of C in ferrite, the remaining austenite becomes enriched in C, which lowers its transformation temperature and leads to regions of fine ferrite and/or bainite alongside the coarse ferrite. Such a mixed structure is known to lower both strength and toughness of steel. 47, 48) Therefore, when designing the hot rolling schedule, the FRT must be set sufficiently above the A r3 such that no portion of the strip begins to transform to ferrite before the onset of accelerated cooling. For the Low Mn steels studied, the FRT should thus be no lower than 875°C. Figure 9 (a) shows that increasing the delay time before accelerated cooling increased the ferrite grain size. This is due to changes in the deformed austenite structure. Restoration processes (i.e. recrystallization and recovery) will begin to lower the free energy of the system immediately after deformation, decreasing the A r3 and increasing the transformation kinetics due to a lower degree of intragranular nucleation. 45, 46) This effectively reduces the degree of under cooling, promoting coarser ferrite grains. Furthermore, in deformed austenite dislocations run into the grain boundaries leading to a locally disordered lattice. These 'ledges' roughen up the grain boundary and are thought to increase the nucleation rate of ferrite by lowering the critical radius for nucleation. 49) Recovery process will move to reorder the disordered arrangement of atoms smoothing the grain boundary surface. This leads to a lower nucleation density, which further promotes coarser ferrite grains.
ROT Practice
In a typical hot strip mill, there is a gap of several metres between the last stand of the finishing train and the first spray banks, to accommodate quality control gauges to measure strip thickness, temperature, etc. The strip therefore cools slowly through this section allowing recovery processes to occur, as shown by the slight increase in grain size as the cooling start temperature is decreased (Fig.  9(b) ). Reducing the extent of recovery would reduce the ferrite grain size. This could be achieved in practice by:
• moving the spray banks as close to the mill exit as practically possible, • increasing the throughput rate Lowering the finish rolling temperature, i.e. the temperature of the exiting strip, would retard the recovery process, but this is of limited practicality in the case of low Mn steels because of the need to commence cooling above the A r3 . Otherwise ferrite transformation could begin before the strip hits the spray banks, leading to the undesirable mixed grain structure described above.
The effect of accelerated cooling on the microstructure of high strength low alloy steels has been studied extensively. 43, 44) Increasing the CR accelerates the kinetics of transformation in two ways: i) the degree of undercooling obtained is increased and therefore the A r3 is lowered, and ii) the lower temperature of transformation allows for intragranular nucleation of ferrite. Both lead to increased numbers of nuclei and a finer ferrite grain size. A lower T f maximises the number of nuclei and decrease ferrite grain growth in the coiler, further refining the ferrite grain size. A low T f in combination with high cooling rates, however, can lead to the formation of harder phases such as bainite which have reduced low temperature toughness. 50) In Fig. 10 it can bee seen that a lower T f can be a powerful factor in grain refinement for all three steels. However, in the case of the High Mn steel, the combination of low cooling stop temperature and high cooling rate produced a predominantly bainitic microstructure, which is expected to result in a decreased low temperature toughness. Due to the lower hardenability of the Low Mn steels, this same combination of TMCP parameters provided significant grain refinement without forming bainite. As Fig. 10 clearly shows, it is critical to obtain high cooling rates on the ROT to achieve the desired microstructure in the low Mn steels.
Results from the first industrial trial indicated that the lower A r3 of the low Mn steels could largely be overcome by optimising the TMCP parameters during hot rolling: maximising the amount of deformation performed below T nr , decreasing the delay time between finish rolling and the onset of accelerated cooling, ensuring accelerated cooling begins above Ar 3 , increasing the cooling rate, and maintaining a low cooling stop temperature. Optimising the TMCP parameters however comes at the cost of more stringent processing requirements. Therefore, for some grades and section sizes adjustments to alloying level, possibly even the Mn content, may be needed to achieve the optimal balance of grain refinement and processability.
Conclusions
Lowering the Mn content can economise steel making by eliminating costly desulphurisation and improve product properties. In the present work, PSC tests were performed to compare the austenite recrystallization (T nr ) and decomposition (A r3 ) of a commercial high Mn with two candidate low Mn steels. TMCP parameters required to achieve an optimised microstructure were established and laboratory results were validated with production trials. The following conclusions were drawn from this work:
(1) Compared to the High Mn steel, the two Low Mn steels had an A r3 that was 50°C higher. Substituting B for Mo lowered the A r3 by around 12°C.
(2) The T nr of the Low Mn-CrMo was some 25°C higher than that of the High Mn steel. Substituting B for Mo was found to raise the T nr by an additional 25°C.
(3) Simulations of the entire hot rolling process showed the High Mn steel had a finer ferrite grain size than both Low Mn steels. The Low Mn-CrB steel had a slightly smaller ferrite grain size than the Low Mn-CrMo steel, in line with their A r3 values.
(4) Simulation of the roughing process showed that an increase in deformation above T nr led to a finer recrystallized austenite grain size. This grain size was stable for holding times of up to 10 min at 1 025 to 1 075°C, which implies that no significant grain growth would occur between the end of roughing and the start of finish rolling.
(5) The intrinsically lower hardenability of the Low Mn steels can be overcome by maximising the amount of deformation performed below T nr , decreasing the delay time between finish rolling and the onset of accelerated cooling, ensuring accelerated cooling begins above Ar 3 , increasing the cooling rate, and maintaining a low cooling stop temperature.
